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T E ~ C A L  NOTE: 2308 

VIBRATORY STRESSES In PROPEjXfJEEG OPERATIIPG 

I N  TEE FLOW FIELD OF A W I N G - N A m -  

FUSELAGE COME3IITATIOI? 

By Vernon L. Rogallo, John C. Roberts, 
and Merritt R. Oldaker 

An investigation has been made t o  determine the f i rs t iorder  vibra- 
tory stresses induced i n  propellers of conventional design when rotating 
i n  the flow f ie ld  of a wing-mcelle-fuselage combination, and t o  thus 
enable careful evaluation of the steps essential t o  the predict iw of 
these stresses. T h r u s t  measurements were obtained by mans of propeller- 
wake surveys i n  order t o  define the magnitude of the force changes (the 
oscillating air loads) experienced by the blades. 
were made.simultaneuusly t o  obtain the propeller response t o  the oscil- 
la t ing air loads. 
diameters of, approximately 13 feet were used i n  the investigation. 

Stress measurements 

Three- and four-blade, hollow, s t ee l  propellers having 

Two significant conclusians may be drawn regarding the accuracy of 
existing methods of predicting the oscillating air  loads on, and the 
resultant firsb-order vibratory stresses i n  the propellers. Steady-state 
propeller theory w a s  adequate for the prediction of the magnitude and 
distribution of the oscillating air loads, provided the known complete 
flaw-field characteristics were used. With the known oscillating air 
lmd, an accurate prediction of nonresonant, f irsl iorder vibratory 
stresses was obtained. These two conclusions are  believed t o  be appli- 
cable t o  propellers of conventional design f o r  low b l a d e a g l e  settings, 
provided that  the blades are unstalled and supercritical speeds are  not 
encountered. 

INTROMimIOl!? 

TIE rotation of a propeller (inclined or noninclined) in  an unsym- 
metrical flow f ie ld  results i n  oscillating air l-ds on the blades. 
Unsymmetrical flow fields have been found t o  be present 4 t  the propeller 
plana for wing-celle-fuselage combinations. Of particular concern is 
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that component of the oscillating air loads induced by such unsymmetrical 
flat fields which completes one cycle (wave fm apprmimately sinus;aibl) 
for  each revolution of the propeller blade, 
and the associated vibratory stresses are termed first order. r The magni- 
tude of the stresses can be quite high emn when the fre,q.tzency of the 
vibration is far remote from resonance. 

This  oscillating air lmd 

Existing methods of comrputatian have not always satisfactorily 
accwnted for the first-order vibratory stresses measured during flight 
investigations. T h i s  may have bsen due e i tbr  t o  inherent inaccuracies 
of the methods themselves, or a, lack of exact knrrwled,ge of operating can- 
diticms, or both. In order t o  provide experimental data sufterble for  w e  
i n  evaluating the methods of s t ress  predictian, an investigation was made 
i n  the Ames 40- by 8hfoot  wind t-1 wherein complete instmentation 
and precise control of operating conditions could be obtained. 

Ihta were obtained for evaluating the procedure of each of the fol- 
lowing three steps which are necessary in  predicting first-mder vibra- 
tory stresses : 

1. Computation of the cbaracteristics of the flaw f ie ld  

2. Computation of the air-bad variation on the propeller aperqting 
i n  this f l a w  f ie ld  

3. Computation of the stresses due t o  thie air-load variation 

In order t o  obtain the necessary informtion f o r  step 1, fitrearbangle and 
velocity surveys were mde at  the propeller plane before install ing the 
propeller. W i t h  the propeller installed, thrust and s t ress  measurements 
were =de t o  provide the necessary infor;mstim t o  evaluate the procedure 
of steps 2 and 3. 

Ccxuparisans haye been lnada of experimental and predicted results fo r  
a l l  steps. 
Presented herein are  conrpariscmns of predicted and experimntalair-lolad 
distributians and predicted and experimental stress distributions. 

The coIIIparisons of flaw-field results are given in  reference 1, 

WOTATIOH 

A blade cross-sectional 4rea, square inches 

b blade-section chord (basic a i r fo i l ) ,  inches 

extension of blade-section chord, inches bs 

bt t o t a l  bla.de+ection chord (basic a i r f o i l  plus extension), inches 
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design section l i f t  coefficient (basic a i r fo i l )  

value of the section thrust coefficient a t  any angular positian 
minus the mlm at the zero angular position 

distance from bladeaection neutral axis t o  e x t r m  fiber atl c&er 
surface (upper surface), inches 

'distance from bladeaac t im neutral axis t o  extreme fiber on tbrust 
surface (lower surface), inches t 

propeller diameter, fee t  

blade-sectim thickness inches 

ordinate measured from the chord line of the basic a i r f o i l  t o  tha 
caniber surface of a, section, inches 

ordinate measured from the chord l ine of the Basic a i r f o i l  t o  the 
thrust surface of a section, inches 

moment of inertia (nraximum) of an entire secticxp about a,n axis 
passing through the saction centroid in the plane of the section, 
perpendicular t o  the chord line, inches4 

moment of iner t ia  (minimum) of an entire sacticm about an axis 
passing through the section centroid in the plane of the section, 
para1101 t o  the chord line, inches4 

propeller rotational speed, revolutims per minuta 

propeller rotational speed, revolutions per s e c d  

radius t o  any blade section, inchss 

t i p  radius, inches 

skin thickness, camber surface, inches 

skin thickness, thrust surface, inches 

freeatream aelocity, miles par hour 

fraction of t i p  radius (rb) 
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distance, measured perpendicularly, from chord l ine of basic air- 
f o i l  t o  centroid of the secticm, inches 

distance, measured perpendicularly, fram chord line of' basic air- 
f o i l  t o  center of trailing-adge radiue of the extended section, 
inches 

geormetric angle af attack of the airplane thnrst axis, degreas 

section blade angle, degrees 

mss density of air, slugs per cubic foot 

angular position about the thrust  axia, measured crnmterclockwisa 
f r o m  the upper vertical  pos i t im as viewed f r m t h e  front, 
degrees 

mmm m MJnHODB 

Test Airplane and Propellers 

Ths twin-eng&ne, fi&ter-€spe a i rphaa  used Tor tha inaes,€ga,tian 
i s  shown i n  figure 1. 
t ive  t o  the components of the airplane, as w e l l  as the principal dimen- 
sions of' the airplane, are shown in  figure 2,  In orbr t a  provide pre- 
c i s s  control of operating canditiana during tha t e s t  and also t o  avoid 
engin-xcited propeller ebrat ions,  the reciprocating engine in  the port 
nacelle was replaced by a 150ehorsepower electric motor. This cba,nge 
necessitated moving the propeller plane forward, as shown i n  figure 2. 
Only the port nacelle w a s  iqstrumented for the investipption. 

The s ize  and location of the propeller disk rela- 

Three- asd four-bb.de, hollow, s tee l  propellers of C u r t i s s  blade 
design 7kic2-0 having diameters of 13 feet  2 inches were used in  the 
investigaticm. 
propellers are presented in  figures 3 

The blade-fonm curves and section prapeirties of the t e s t  
4, respectively. 

Ins t m n t a t i  on 

The propeller blades were instrumented with Baldwin-Smthwark, tspe 
SR-4437, wire strain ages .  
as flatwise bending (bending about an wis parallel  t o  the chord lines), 
the gages were located along the -imarmthickness l ine of the blade with 
the axis of the gages pgrallel t o  the centroidal axis of t h e  blade. Oaly 
one of the blades of each propeller was fhl ly  ins-truntented with strain 
gages as shown in  figures >(a) and 5(b). The strain-gage locations 

Since first-arder propeller vibrations occur 
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shown i n  figure 5(b) are those used when the faur-blade propeller was 
tested. 
were placed on the canibar surface t o  proaide a effrge spacing a€' 3 inches 
f ran  blade station 18 t o  bla& station 42. A l l  Other blades were provided 
with gages on the s- asd omr the anticipated msinnmwtress region of 
the blade m the camher surface so tbat the-phase relationship between 
blades could bs obtained. 
of tb propeller hub (fig.  5 ( ~ ) ) ~  enabled rapid recording of the output 
signals OP 40 e1ectr;tcal strain a g e s  at any propeller operat- c d i -  
tion. 
located adjacent t o  the switches (fig. 
gage. 
C u r t i s 6  pitch c a n t r ~ l  (brush and slipring assenbly) apd the gage mtput 
siguals were transmitted through silmr s l i p  rings and silver graphite 
brushes t o  the recorder. 

For tes t s  of the threelade propeller, four additional gages * 

Remtely c m t r d l e d  switches, located forward 

A n  individual bridge circuit ,  which included three fixed resistors 

The power for the bridge circuits was transmitted through the 
waa provided for each strain 

The wtput sitil;nals of the  gages were recorded directly, without 
amplification, by a Consolidated 24-chame1, mavlwoil-type oscil l+ 
graph with tspe 7-115 galvanometers attenuated with approximately 180 ohms 
damping resistance. 

The propeller rotational speed and blade angular position were indi- 
cated by timing lines and pulses on the oscillograph record. 
occurred per revolution. 
fixed c o i l  by the passage of a smll alnico magnet attached to the si lver 
sli-ring assenibly. 

One pulse 
It was produced by the voltage induced in  a 

"he rakes for surveying the propeller wake were located 8 inches a f t  
of the propeller plane and were spaced a t  450 incremnts around the 
nacelle. 
total-head tubas spaced radially a t  &inch intervals. 
urements were indicated on a multiple-tube manoIlteter board and were photo- 
graphically recorded. 

(See figs.  1 and 6 . )  Each rake consisted of seven shielded 
The pressure mas- 

Calibration of Strain-Gage I n s t m n t a t i o n  

The strai-ge factors were determined by s ta t ica l ly  loading a blade, 
m e a s u r i n g  ths strains at each gage position with a Tuckerman (optical- 
type) strain gage, and simulta,neausly recording the local resistance-gage 
output indicated by a sensitive galvanmeter. 
t o  be within the values specified by the ma.nufacturerp Tbe m m d  
strains were fcrmzd t o  be in gad agrasmeqt with those obtained by calcu- 
lations using the known blads-section properties, except in the region of 
highest strain where local deformation occurred. 
meqts were calibrated individually in  order t o  obtain both frequency 
response and p h s e  characteristics. The sensit ivity of the system, ml- 
vawmeter displacement for a given resistance change, was checked periodi- 
cally during the tes ts .  This was accomplished by s h t i c a l l y  unbalancing 

The @age factors were found 

The gilvanmeter ele- 
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the bridge circuits with precisian resistors, and recording the result- 
ing galwuumeter displacements. 
also mde by exciting the propeller with electronic vibratian equipment 
at controlled frequencies and amplitudes. 

Dynamic calibration of t b  system was 

The various test conditions are given in the following table: 

Propeller speed 

Because of model-power, tungel-airspeed, and tunnel-balance-load limit, 
ations, the propeller could not be operated over the entire rotatioml- 
speed range for all angles of attack and tunnel airspeeds. 

Analysis of Stress Records 

Since the recording galvanometers and the complete strai-ge 
system were calibrated, the stresses were directly obtained from the 
oscillogrqhic traces. These traces were relatively free f r o m  external 
disturbances and remined periodic during the recording 4t specific 
propeller operating condittons. The vibration oscillations included 
not d y  first-order (mce per revolution, or u), but also second-crrder 
(twice per revolution, or 2P) oscillations. The ccarrponents were readily 
separated by use of the method of superposition described in reference 2. 

Analysis of Propeller WakeSurvey I h t a  

The thrust coefficients were computed from wake surveys by the 
methad given in reference 3. 
head pressure immediately aft of the propeller plane in the absence of 
the propeller and in the presence of the propeller. 
(references 3 and 4) has shown this mathad to be an acceptable means of 
measuring thrust. 

This  method required measurements of total- 

Previous work 
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The results of this investigation, which provide the necessary 
information for evaluating steps (2) and (3 )  in  the prediction of first- 
order vibratory stresses, w i l l  be presented in  the following m e r .  
Typical air-load measurements w i l l  be presented a@ the evaluation of 
the method of computation of the air load w i l l  follow. 
resul ts  w i l l  then be presented and the evaluation of the method of cam- 
putation of the s t ress  w i l l  follow. 
for  the f m 4 l a d e  propeller since they are generally representative of 
those for the three-blade propeller, except as w i l l  be noted. Ths 
effect  of the blade i n s t m n t a t i o n  on the air loads and. resultant 
stresses is believed t o  be small since the agreement in magnitude of the 
blade stresses for the fully instrumented blade and the blades of lie 
ited instrumenfatian was within’the accuracy of the measurements. 

Typical stress 

Most of the results presented are  

Oscillating A i r  I,oa&s 

The aerodynamic excitation of a propeller (inclined or nasinclined) 
results f r m t h e  cbmge in blade n o m 1  force incurred during a revolu- 
t i on  of the propeller. 
n o m 1  force, the thrust change may be used as a measure D f  the oscil- 
lati-ng air laad. 
and for convenience the coefficient form ct w i l l  be used. 

presented i n  figma 7 wherein the section thrus t  coefficient 
plotted as a fuaction of the angular position i2 around the disk for 
one set of test conditions for  the f w a l a d e  propeller installation. 
These results were nat corrected for slip-stream rotation which primarily 
affects  the positian of the air load with respect t o  S2, but has l i t t l e  
effect  on the measured mapitude of the air load. It m y  he noted that  
the wave-form characteristics of the oscillating air loads for each af 
the various blade stations are quite similar and. that the respective 
mxim and miqimum thrust valses occur at  very nearly the sams angular 
position. 
conditioss for both the three- and faur-blade propeller installatiam. 

Since the thrust is a direct function of the 

Hereinafter thrust w i l l  be referred t o  as  air load, 

Measured air  loads.- Typical values of the measured air  loads are  
c t  is 

Similar results were obtained a t  other propeller aperating 

Comarisan of measured and predicted air loads.- The method used 
for predicting the oscillating air  l a d s  (reference 1) was derived from 
a propeller theory %sed on steady-state conditions. The flow-field 
data of reference 1 were used for  the conputations. Figure 8(a) shows 
a comgarisaa of the masured and the ccwputed variatians of the incre- 
mental sec t im  thrust caefficient Act with aagular position 0 .  
The c q r i s o d s  are Pap 4 blade3 section a t  the 0.7-radius stations of 
the propeller. 
lwds are sham i n  figure 8(b). 
(ll?) and the reminder, second-order (2F). 

The capanant parts of the measured and calculated air 
The principal ccmrpment is f i r s h r d e r  

(In fig. 8(b), t o  enable 
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bet ter  emparisan, the curves for each campanent of both experimental and 
predicted air-load variations have been displaced vertically so that they 
have a mean value of zero3 hence, the additicm of the respective campo- 
nents would resul t  i n  wave f m  identical i n  shape kt vertically dis- 
placed frm those shown in f ig .  8(a).) 
putation is  demanstrated by the a g r e m n t  as t o  both magnitude and wave 
form. 
m e a s u r e d  and cumputad variatiocns since it is anly the magnitude of the 
air  loads which are of concern i n  the prediction of the stresses. 

The adequacy of the method of com- 

No attempt is  made t o  account for the phase difference betveen the 

Excellent agreement was a l so  obtained for  other blade s$ations. This 
is indicated i n  figure 9, which compares the computed and measured distri-  
butions of the maximum variations of the first-order incremental section 
thrust coefficient. 
sented in figure 7. 
t im of the first-wder air-load bending molaents. 
from the comparisoas presented i n  figures 8 and 9 that steadydtate pro- 
peller thactrg is  adequate for the prediction of the oscillating air loads. 

The measured results were reduced from the data pre- 
These plots are typical of those used in the conrputa- 

It may be concluded 

Vibratory Btresses 

Measured Stresses.- T h e  term "total  stress" w i l l  be used in t h i s  
report  t o  designate one-half the vibratory s t ress  fluctuation indicated 
by the wave forms on the oscillograph records. As previously noted, the 
t o t a l  stress was composed of both first- and secan&-order stresses. The 
values of t o t a l  stress as well as the first- and second-order stress COR+ 
ponents are presented where appropriate. 

The effects of the tes t  variables on vibratory stress are  presented 
in figures 10 t o  13, inclusive. 
far the four-blade propeller i s  shown i n  figures 10 and 11. The data of 
figure 10 are for the 24-inch blade station which was near the region of 
maximurn stress, and those of figure 1 1 a r e  for  the blade shank. The 
curves (fig. 10) are discontinuous because of the previously mentioned 
limitations on operating conditions. 
tions.") 
a t  the 24-incbradius station of the propeller i s  shown in  figure 12, and 
the effect of forward velocity is  shown in figure 13. 
Lta a l l  factors and variables were held constant except one, the effects 
of which were being studied. It may he noted in  figures lO(b) and 11 
tha t  the first-order stress component increased uniformly w i t h  propeller 
rotational speed. 
of resonance since the air l a d  increased w i t h  rotational speed. Btress 
predicticxns (Shawn la te r )  based on nonresonant conditions for  the highest 
rotational speeds encountered during the test indicate the conditiuns t o  
be fa;r remote fram,  resomace. 
stress w i t h  thrushscis inclination is  shown i n  figure l2 t o  be linear. 

The effect of propeller rotational speed 

(Bee section enti t led "Test Condi- 
The effect  of' thrust-axis inclination on the stresses measured 

In obtaining the 

This  characteristic was axpected even i n  the absence 

The variatian of first-order vibratory 
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The variation of first-order vibratory stress with forward velocity is  
shown i n  figure 13 t o  be approximately linear over the speed range tested. 
Although the stress variations shown are  for two selectkd blade stations, 
i n  general, they are  typical f o r  other blade stations. 

Two occurrences of resonance i n  the secand-arder vibration pattern 
were fmmi  for the fourAlade propeller and are indicated i n  figure Lo(c). 
The, first occurred a t  approximately 475 rpm and the second a t  approxi- 
mately 1175 rpm. 
tributions indicated that the two modes were, respectively, the f'unb- 
mental reactionless mode in  fliatwise bending, and the fbdamental reac- 
tionless mode in  edgewise bending. The s t ress  peak resulting fromthe 
l a t t e r  resonant candition is  quite. apparent f r o a t h e  shank stress meas- 
urements (fig. 11). 
a measurable effect  on first-order s t ress  at  either the 2binch blade 
station or the blade shaak. A reactionless mode cannot be excited in a 
propeller having three blades; hence the seconddrder characteristics 
found for the three-blade propeller were somewhat different fromthose 
obtained for the four-blade propeller. In the case of the three-blade 
propeller, only one condition of resonance was encountered during the 
tests.  The mode w a s  identified as the unsymmetrical fundamental mode 
and was excited at 8 rotational speed of 460 rpm.  

The phase relatians between blades and the s t ress  dis- 

In neither case of second-order resonance was there 

Comparison of computed and measured s t ress  distributions.- The COB+ 
puted stresses presented i n t b i s  report were obtained by use of the 
integration method developed by the Propeller Division of the Curtiss- 
W r i g h t  Corporation (reference 5 ) .  The basic assumptions of the method 
are  that the vibration is  nonresonant, the oscillating air load variation 
is.sinusoida1, and the blade i s  not twisted and has a blade angle equal 
t o  that of the blade section about which the mjor part of the blade 
tends t o  deflect. Estimates of blade aeroelastic t w i s t  for the maximarm 
s t ress  loadings indicated such twist t o  be negligible and therefore-the 
effects of t w i s t  were omitted i n  the stress ccrmputa.t;ians, 

The oscillating air l a d  variations used in  the s t ress  computations 
were obtained from theoretical comptatians; however, either theoretical 
o r  experimental air load distributions could have been used since the 
magnitude of the loadings were i n  g o d  agreement. 

Comparisons of computed and masured stress distributions are pre- 
sented i n  figures 14  and 15. The comparisons in  figures 14(a) and 14(b) 
a re  for t e s t  conditions a t  which the highest 1p stresses were encountered 
for  the fourAlade propeller a t  blade-angle settings of 20° and l2-1/2', 
respectively. The comparison presented i n  figure 15 is  for  the three- 
blade propeller when operating at  the same t e s t  conditims as given in  
figure 14(a). The higher magnitude of the stresses for the t h r e e l a d e  
propellers is  due t o  greater aerdynamic loading per blade resulting 
from lower propeller-induced flaw angles. 



10 NACA TN 2308 

Good agreement for a l l  comparisons may be noted for a l l  radial loca- 
tions except in the region of highest stress. 
found here is believed due t o  local deformation, cha?acteristic of hollow- 
s t e e l  propellers without internal stiffeners. 
noted between comrputed and measured stresses for a s t a t i c  loading condi- 
tion of the propeller. 

The slight disagreement 

Such disagreement was 

Two significant conclusiaais may be drawn regarding the accuracy of 
existing methods of predicting the oscillating air l a d s  on, and the 
resultant first-order vibratory stresses i n  the investiga,ted propellers. 
These two conclusiaps, which are believed t o  be applicable t o  conventional 
propellers when operating with low blade-angle settings below stall and 
supercritical speeds, are  as  follows: 

1. Steady-state propeller theory was adequate for the predictioli 
of the magnitude and distribution of the oscillating air loads, provided 
the complete flaw-field characteristics were bo rn .  

2. 
nonresonant, f irst-order vibratory stresses w a s  obtained. 

With the known oscillating air load, an accurate prediction of 
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Developed plan form 

LO 

0 0  

fraction of tip radius, x 
=!37 

Figure 3. - Blade-form curves for the test propellers, Curtiss type 
744-lC2-0. Diameter, /3 feet, 2 inches. 
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Typical blade section 
QQQ Q Q a a a a a a 4 

Blade -section properties 

Figure 4. - B/ade-secf/on properfies for fhe fesf prope//er, Curfiss fype 
?44-/C2-C? Dibtnefe4 /3 feef, 2 ihches. 





(a) Canher surface of ful ly  instrumented blade 

Figure 5.- Instrumentation of Lest propeller, 
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Figure 6.- Propeller wake-survey rake installation. 
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Angulur positionB aB deg = q i g G 7  

Figure 2- Measured variution of the section thrust coefficient c, with 
angular position 0. V, 165 mphi uG 8'; NB I250 rpm; f l . 7 ~ ~ .  
20°j four - blade propeller. 
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of the to fa/ incrementa/ thrust coefficient with angu/ar position. 

Anguhr position, d2, deg 

(6) Varhtion of the first- and second- order componen ts with angu/ar position. 

Figure 8. - Comparisons of compufed and measured section thrust - coef - 
ficient variations at the 07- rodus sfution of the prope//er. 5, 
165 mph; aG, So; N, 1.50 rpmi ,t?75R, 205 four-Mode prope//er. 
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(ai Variation of the total vra/atory stress with propeller rotational speed 

Prope//er speed, N ,  rpm 

(b) Variation of the tikst-order ( I f )  component with propeller rotational speed 

Propeller speed# N , rpm 

/e) Variation of the second-order (2fl component with propeller rotational speed. 

Figure 10. - Vrarotory stress measured at the 24-inch rodus station; four- 
&lade propeller. 
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Figure 11. - Vibratory stress measured at shank Winch  stoh'on/ 
4 , 165 mph; us. 8 O ;  ,875ffI ZOO; four-blade prope//er. 
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Figure 12. - Variation with thrust- axis inclination of first- order 
(IP) wi&ratory stress at the 24- inch station. 5, I65mph; 

200; four- &lade propeller. 
'B75R8 
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Figure 14.- Compurisor? of fhe computed and measured stress distri- 
butions for the four - Made propeller. 
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=-is7 Radius, r, in. 

figure /5 - Compurison of the cmputed und meusured sfress distri- 
bufions for the fhree-b/ade prope//er. 165mph; N, 1250 rpm; 

'B.75RB 20°. 
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